Abstract. The color indices of the Sun in the Vilnius photometric system and the UBV system are determined by the numerical convolution of the irradiance functions from three sources and the response functions of both systems. The resultant color indices are in accordance with spectral class G2 V. The stars 16 Cyg A and B and VB 64 in the Hyades, which usually are considered as the best analogs of the Sun, are 0.1 mag redder in the ultraviolet. The synthetic spectrum of the Sun from Kurucz (1991) exhibits a good coincidence with the observed energy distribution in the solar spectrum.
Introduction
The Sun is a reference star for determination of most of the physical parameters of stars. Consequently, it is important to determine the fundamental parameters of the solar radiation. Among such parameters are color indices of the Sun in different photometric systems.
A direct measurement of color indices of the Sun was attempted by Stebbins and ICron (1957) , Gallouet (1964) , Emmons et al. (1967) and Tug and Schmidt-Kaler (1982) . However, these measurements are very difficult because of necessity of attenuating the enormous range in brightness (about 30 mag) to compare directly the extended solar disk with point-like stars and to extend the photometry from daytime to nighttime.
Several authors have used a comparison of the strength of some solar spectrum features with the mean relation between their strength and a color index for other stars of the same luminosity and chemical composition. The results obtained are summarized by Clemens and Neff (1979) , Chmielewski (1981) , Saxner and Hammarback (1985) and Taylor (1994a) . However, this method can be justified only in the case when the cosmic scatter around the mean relation is sufficiently small.
Many authors (see their listing in Straizys 1992) have been using this method to search for solar analogs among early G-type dwarfs. When one finds a close analog of the Sun among stars, that star's color indices may be considered the same as those of the Sun. The stars 16 Cyg A, 16 Cyg B and Hyades VB 64 are usually considered as the closest solar analogs.
The third method for the determination of the color indices of the Sun is the numerical convolution of the energy distribution function in the solar spectrum and the response functions of the passbands of a photometric system. This method, for different photometric systems, has been used by Labs and Neckel (1968) , Taylor (1984) , Makarova and Kharitonov (1985) , Hayes (1979 Hayes ( , 1985 and Glushneva et al. (1986) .
Our paper is based on using the last method to determine the color indices of the Sun in the Vilnius photometric system. This system is widely used for the photometric classification of stars and the investigation of interstellar extinction. The latest description of this method is given by one of the authors (Straizys 1992) . The first determination of the color indices of the Sun in the Vilnius system was attempted by Glushneva et al. (1986) . In comparison with that paper, we use some additional sources of energy distribution for the Sun and its analogs. For a comparison, the synthetic color indices in the UBV system are calculated also.
Energy distributions in the solar spectrum
We have decided to use determinations of the spectral irradiance of the Sun published by Neckel and Labs (1984) , Lockwood, Tug and White (1992) and Makarova, Kniazeva and Kharitonov (1989) . The results of these papers cover a wide spectral range from the ultraviolet to the infrared and may be considered as the best determinations published so far.
The wavelength spacing of the irradiance data given in Neckel and Labs (1984) is 1 nm and by Lockwood et al. (1992) it is 0.4 nm. Unfortunately, both sets of data end abruptly at 330 nm. Since for the convolution in the ultraviolet passband of the system we need energy distribution data down to 305 nm, these two irradiance curves were extrapolated shortwards using the fluxes of a G2 V type star from Sviderskiene (1988) . The possible errors due to this extrapolation must have little influence on the calculated ultraviolet indices of the UBV and the Vilnius photometric systems since the response of the ultraviolet passbands is relatively low in the 305-330 nm range.
The solar irradiance curve published by Makarova et al. (1989) has been obtained by taking average of three independent series of solar observations. Its wavelength spacing is 5-10 nm.
Some years ago, the synthetic spectrum of the model atmosphere of the Sun with bins of 2 nm was calculated by Kurucz (1991) . We calculated the synthetic color indices for this spectrum in both systems.
All three energy distribution functions of the Sun used in the calculations are intercompared in Figs. 1-3 in three wavelength intervals. One can see a relatively good coincidence of all data sets shortwards from the normalization point at 550 nm. However, a systematic effect is present longwards of this wavelength: the curve of Lockwood et al. deviates downwards from the remaining two curves up to the end of the measurements at 848 nm. Probably, this systematic effect is caused by the telluric O2 and H2O bands which are not taken away in the Lockwood et al. spectra.
The Kurucz synthetic spectrum of the Sun is compared with the Neckel and Labs observational data in Figs. 4 and 5. A sufficiently good coincidence of both data sets is evident.
Calculation of color indices and discussion
The color indices were calculated by the usual formula:
where 1(A) are the normalized energy distribution functions from Neckel and Labs (1984) , Lockwood et al. (1992) , Makarova et al. (1989) and Kurucz (1991) . The response functions 5(A) of the Vilnius and the UBV system passbands were taken from Straizys (1992). In the case of the Vilnius system, the constant in (1) was taken such, as to make m\ -mv = 0 for the unreddened O-type star using its /(A) from the Sviderskiene (1988) catalogue. In the case of the UBV system, this was done for an AO V type star. The results are given in Tables 1 and 2. As was shown by Sviderskiene and Straizys (1970) , the B-V color index of the UBV system can be calculated from the two color indices, X-V and Y-V, of the Vilnius system:
This equation gives B-V = 0.63 for the Sun if we take the average values of the synthetic Vilnius indices given in Table 1 . This value of B-V exactly coincides with the average synthetic index of the Sun given in Table 2 . This means that the method of calculation in both systems gives compatible results. Table 1 also contains the observed color indices of the three stellar analogs of the Sun: 16 Cyg A and B taken from Zdanavicius and Cerniene (1985) and VB 64 (a Hyades star) taken from Straizys and Kazlauskas (1993) . The Y-V, Z-V and V-S color indices of these stars axe in a satisfactory agreement with the values obtained Fig. 4 . A comparison of the solar energy distribution curves in 300-600 nm: NL is the observed curve from Neckel and Labs (1984) and K is the synthetic energy distribution from Kurucz (1991) . from the energy distribution functions of the Sun. However, in the case of U-V, P-V and X-V there are systematic differences: the average values of these indices for the Sun are 0.10, 0.08 and 0.06 mag bluer than the averages of the same indices for its analogs. A similar effect takes place in the UB V system (Table 2) : the average U-V value for the Sun is 0.08 mag bluer than the average for the analog stars. This systematic effect may be caused by errors of the normalizing constants in Equation (1). However, a comparison of the synthetic and the observed indices of both systems given by Sviderskiene (1988) shows no systematic effect in the normalization. If the synthetic indices of the Sun and the observed indices of the analogs both are right, then we must conclude that the three stars are bad analogs of the Sun, at least in the ultraviolet. The stronger absorption in the ultraviolet and violet spectra of the 16 Cyg components and VB 64 may be related either with their lower effective temperature or with a higher metal abundance.
Source
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The metallicity of VB 64 is ~ 0.15 dex (Cayrel de Strobel et al. 1992) . The metallicity determinations for the 16 Cyg components are contradictory (Cayrel de Strobel et al. 1992 , Friel et al. 1993 , Taylor 1994b ); their [Fe/H] seem to be close to +0.1. As regards the temperature, Friel et al. (1993) find that the solar T e is between both components of 16 Cyg. The first determinations of spectral types in the MK system of 16 Cyg A, 16 Cyg B and VB 64 were G2 V, G5 V (Johnson and Morgan 1953) and G6 V (Morgan and Hiltner 1985) , i.e. the spectral classes of two of them were found to be later than G2 V, the spectral class of the Sun. However, the latter revision of spectral types of 16 Cyg A and B gives G3 V and G4 V (Keenan and Pitts 1980) or Gl.5 and G3 V (Keenan and McNeil 1989) . For VB 64 the revised type is G2+V (Keenan and McNeil 1989) .
It was good to find that the synthetic color indices of the Sun for the Kurucz (1991) synthetic spectrum are in reasonable agreement with those calculated for the observed energy distributions. This means that the latest Kurucz model of the Sun has no "missing opacity" in the ultraviolet which for a long time was the main problem of the synthetic spectra of G-type dwarfs.
The Sun is one of the anchor points of the MK spectral classification system, being the standard of spectral type G2 V (Morgan and Keenan 1973 , Keenan 1991 , Garrison 1979 . Therefore it is important to check if the solar color indices are in accordance with the intrinsic indices of this spectral type. Table 3 compares the synthetic color indices of the Sun with the intrinsic color indices of stars of the spectral types GO V -G5 V. One can see that all color indices of the Sun within 0.03 mag coincide with the intrinsic indices of a G2 V star. The same is confirmed by the synthetic color index B-V = 0.63 which is very close to the intrinsic color index of the spectral type G2 V (see Table 3 ). Only the synthetic U-V of the Sun is 0.05 mag redder than the intrinsic index of a G2 V star. This value corresponds to the spectral class of G3.5 V. Table 3 . A comparison of the synthetic solar color indices with the intrinsic color indices of G-type dwarfs from Straizys (1992) .
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Conclusions
The color indices of the Sun in the Vilnius photometric system determined in the present paper are in accordance with a spectral type of G2 V. This argues against the conclusions of several authors that the spectroscopic class of the Sun and its photometric color indices are in disagreement. The observed ultraviolet color indices of stars 16 Cyg A and B and VB 64 in the Hyades are redder than the Sun by about 0.1 mag. This may indicate that these stars are not sufficiently good analogs of the Sun. We also conclude that there is a good coincidence of color indices obtained by convolution of the Kurucz synthetic spectrum and the observed spectrum of the Sun.
